Saccadic eye movements cause sudden and global shifts in the retinal image. Rather than causing confusion, however, eye movements expand our sense of space and detail. In macaques, a stable representation of space is embodied by neural populations in intraparietal cortex that redistribute activity with each saccade to compensate for eye displacement, but little is known about equivalent updating mechanisms in humans. We combined noninvasive cortical stimulation with a double-step saccade task to examine the contribution of two human intraparietal areas to transsaccadic spatial updating. Right hemisphere stimulation over the posterior termination of the intraparietal sulcus (IPSp) broadened and shifted the distribution of second-saccade endpoints, but only when the first-saccade was directed into the contralateral hemifield. By interleaving trials with and without cortical stimulation, we show that the shift in endpoints was caused by an enduring effect of stimulation on neural functioning (e.g., modulation of neuronal gain). By varying the onset time of stimulation, we show that the representation of space in IPSp is updated immediately after the first-saccade. In contrast, stimulation of an adjacent IPS site had no such effects on second-saccades. These experiments suggest that stimulation of IPSp distorts an eye position or displacement signal that updates the representation of space at the completion of a saccade. Such sensory-motor integration in IPSp is crucial for the ongoing control of action, and may contribute to visual stability across saccades.
S
patially directed behaviors, such as saccadic eye movements and reaching, require that the brain extracts the positions of objects from the available sensory information while taking into account the current or future positions of relevant body parts. At the same time, sensory inputs caused by self-movement must be distinguished from those arising from changes in the environment. A mechanism common to both of these abilities is the integration of sensory signals with internal copies of motor commands known as corollary discharge (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In macaque posterior parietal cortex (PPC), for example, corollary discharge about impending saccades drives a coordinate transformation in which the internal representation of space is updated to compensate for eye displacement (7, 8) . This ''spatial updating'' mechanism ensures that spatial codes for perception and action are not compromised by eye movements. Spatial updating occurs in the lateral intraparietal area (LIP) as well as several other cortical and subcortical regions of the monkey brain, including the frontal eye fields (FEF) (12) , the parietal reach region (8, 13) , extrastriate cortex (14) , and the superior colliculus (15) .
Functional MRI studies of the human intraparietal sulcus (IPS) have revealed changes in hemispheric activation that are consistent with the spatial updating mechanism identified in monkey PPC (16, 17) . Because the blood oxygenation leveldependent signal is a correlational measure, however, it is not possible for these studies to distinguish activation that directly contributes to spatial updating from that which merely reflects its outcome, such as activation subserving subsequent directed attention or planned action (18) (19) (20) (21) . In contrast, spatial updating mechanisms may be isolated by stimulating neural populations along the IPS with transcranial magnetic stimulation (TMS) and measuring the consequent disturbances in spatial representation across saccades. In addition to permitting causal inferences, TMS can be applied at specific times relative to a saccade to probe the neural time course of the underlying coordinate transformation (22) .
In the current study, we stimulated the human IPS of the right hemisphere with TMS and measured effects on spatial updating using a variant of the ''double-step saccade'' task (Fig. 1a) . This behavioral paradigm (23) (24) (25) has been used extensively to study spatial updating in monkeys and humans and requires subjects to perform a sequence of two saccades to sequentially flashed targets (23) (24) (25) . Because the second target (T2) is extinguished before the saccade to the first target (T1), the memory trace of T2 must be updated after the first-saccade to compensate for the change in eye position. The endpoint of the second-saccade thus provides a behavioral probe into the transsaccadic updating mechanism.
We targeted two regions along the IPS that, like macaque area LIP, are involved in attention and eye movement control (19, 21, 26, 27) : the dorsomedial bank of the IPS/transverse occipital sulcus junction (posterior IPS; IPSp), an anatomical region in the vicinity of visual areas V3a and V7 (26, 28) , and a site located further along the sulcus in the rostral direction, where the IPS branches medially (anterior IPS; IPSa) (Fig. 1b) . Cortical stimulation was applied either before or after the first-saccade (Fig.  1c) . If a population of cortical neurons is necessary for updating the memory trace of T2 in the double-step saccade task, then stimulation of that brain site should influence performance of second-saccades (Fig. 1d) . Crucially, and in contrast to a conceptually related study (29) , we compared the behavioral effects of IPS stimulation with a control site in which stimulation was applied over medial primary somatosensory cortex (S1). We show that stimulation of IPSp introduces both bias and random noise into the coordinate transformation that underlies spatial updating across saccades. Furthermore, we show that spatial updating in IPSp occurs immediately after completion of the saccade. Additional control experiments confirmed that the behavioral effects of IPSp stimulation are specific to oculomotor tasks that require spatial updating.
Results
The traditional version of the double-step saccade task has some key disadvantages. First, T2 is presented for a very short duration just before onset of the first-saccade, thus reducing the quality of its encoded position. Second, because the targets are delivered close in time, the brain has available an explicit retinal signal of the vector from T1 to T2. Spatial updating mechanisms would be less important if this vector were used to direct the second-saccade. To circumvent these limitations, we used a variant of the traditional task in which T2 was presented prior to T1 (Fig. 1a) . This manipulation was first used in monkeys (30) and has the advantage of allowing T1 and T2 to be separated in time. Despite this manipulation, neither the first-nor the second-saccade could be preplanned because the location of T1 could not be predicted.
A short train of TMS pulses (100 ms, three pulses) was applied around the time of the first-saccade to disrupt putative neural mechanisms that update the remembered location of T2. The first TMS pulse was delivered either 100 ms before saccade onset (''early'' trials), or at saccade offset (''late'' trials; Fig. 1c ). Trials in which no cortical stimulation was applied were also interleaved. These ''nonstimulation'' trials were necessary because repetitive TMS frequently causes changes in cortical functioning that outlast the period of direct stimulation (31) (32) (33) (34) . Because nonstimulation trials are free from transient disruptive effects, they provide an uncontaminated measure of the aftereffects of stimulation on cortical representation and behavior.
For the main analysis, the data were organized according to the site of stimulation (IPSp, IPSa, or S1), the direction of the first-saccade (contralateral or ipsilateral to the stimulated hemisphere), and the timing of cortical stimulation (early, late, or nonstimulation). Trials in which the first-saccade was directed above and below the horizontal meridian were combined. Furthermore, data from each of the four possible T2 locations in each hemispace were separately pooled and treated as a single sequence.
To assess whether cortical stimulation biased the coordinate transformation, the mean error of second-saccade endpoints was examined for each brain site (Fig. 2a) . Stimulation of IPSp during contralateral (leftward) first-saccades caused a clear, predominantly rightward, shift in the endpoints of the secondsaccades compared with stimulation of the other sites (both P Ͻ 0.01; Fig. 2a Left). This effect did not occur for sequences involving an ipsilateral (rightward) first-saccade (both P Ͼ 0.05 for Fig. 2a Right; F (2, 30) ϭ 4.53, P Ͻ 0.05 for the cross-panel interaction between stimulation site and direction). Interestingly, the magnitude of the rightward shift for IPSp compared with IPSa and S1 was comparable for early, late, and nonstimulation trials. The rightward shift therefore reflects an enduring effect of TMS on the activity of IPSp neurons. Indeed, longlasting effects of TMS on cortical neurons are well documented and thought to reflect molecular and cellular changes akin to long-term potentiation (LTP) and long-term depression (LTD) (22, (31) (32) (33) (34) . Furthermore, the rightward shift was similar irrespective of whether the second-saccade was directed contraversively or ipsiversively with respect to the location of T1 [see supporting information (SI) Fig. 4 ]. The specificity of the rightward shift for IPSp was highly consistent across the group: the mean horizontal endpoint position during IPSp stimulation was rightward compared with IPSa, and with S1, in 12 of 16 and 13 of 16 participants respectively.
A rightward shift in second-saccade endpoints is equivalent to an overcompensation for the change in horizontal eye position associated with the first-saccade. Overcompensation would be expected if the brain used an exaggerated representation of eye position or displacement to update the memory trace of T2. To quantify this effect further, the magnitude of the horizontal shift with respect to S1 (0.35°, averaged over early, late, and nonstimulation conditions) can be expressed as a percentage of the actual horizontal displacement of the eye during the first-saccade (M ϭ 7.65°, SEM ϭ 0.08°). This analysis indicates that second-saccades during IPSp stimulation overcompensated for the contralateral first-saccade by Ϸ5% of the actual eye displacement.
There was also a small upward shift in second-saccade endpoints during IPSp stimulation compared with IPSa and S1 [F (2, 30) ϭ 5.21, P Ͻ 0.05, both comparisons P Ͻ 0.05], but, unlike the horizontal component, this effect did not depend on the direction of the first-saccade. Finally, the endpoint error of secondsaccades during ipsilateral double-step sequences was more leftward than that observed during contralateral sequences for A train of three TMS pulses (100 ms) was targeted to either the final 100 ms before the onset of the first saccade (''early,'' purple line) or the first 100 ms after the offset of the first saccade (''late,'' pink line). TMS was timed according to the predicted rather than the actual onset or offset of the first saccade. Variability in saccadic latency generated a bimodal distribution of TMS onset times. One-third of the trials did not involve cortical stimulation (''nonstimulation''). All double-step sequences and TMS timing conditions were interleaved within a session. (d) Predicted effects of TMS on secondsaccades for a brain region involved in spatial updating. The distribution of second-saccade endpoints is used as a proxy for the coordinate transformation. The left schematic shows a theoretical distribution of second-saccade endpoints during the baseline condition in which TMS was applied to S1. Disrupting the spatial updating mechanism with TMS of the IPS could bias the coordinate transformation (central schematic) and/or alter its precision (right schematic).
all stimulation sites, including the S1 baseline. This siteindependent bias in performance most likely reflects an influence of the experimental configuration, in which the stimulating coil was always located over right scalp locations; its existence highlights the importance of including a control stimulation site over the same hemisphere, as we did in our study.
Next we examined whether stimulation affected the precision of the coordinate transformation. Precision in this context refers to how consistently the updating mechanism operates from trial to trial. Therefore, each participant's horizontal and vertical SD of the endpoint distributions were used as dispersion measures for the second-saccades. Unlike the bias effect reported above, a preliminary inspection of the dispersion data suggested a clear dependence on the timing of cortical stimulation. Fig. 2b shows the horizontal dispersion of second-saccade endpoints as a function of the time between the onset of TMS and the firstsaccade. Horizontal and vertical endpoint SDs were calculated for all of the trials in which TMS onset fell within a moving window of 60 ms. The window started well before the onset of the first-saccade and was moved until well after saccade offset. The mean SD was calculated at each time point to provide a group dispersion time course. This analysis was undertaken separately for each participant, stimulation site, and direction of first-saccade.
Stimulation of IPSp significantly increased the horizontal dispersion of second-saccade endpoints compared with the other sites. This effect was observed exclusively on trials in which the first-saccade was directed into contralateral hemispace. Strikingly, this effect on precision occurred only when TMS was applied within Ϸ40 ms of first-saccade offset ( Fig. 2b ; t tests: P Ͻ 0.05). The precision deficit caused by IPSp stimulation was also highly consistent across participants: the mean SD for IPSp during this period was larger than for S1 and IPSa in 12 of 16 participants.
The precision effect was quantified further by expressing the mean increase in dispersion compared with S1 (0.27°) as a percentage of the mean S1 dispersion during this time window (1.02°). This measure indicated that stimulating IPSp increased the horizontal dispersion of second-saccade endpoints by 27%. Note that the site and directional specificity of this effect is consistent with the bias effect of IPSp stimulation reported in the previous section. The additional temporal specificity of this precision effect is important because it indicates the time at which the coordinate transformation is implemented. The same analyses revealed no significant effects of cortical stimulation on the vertical dispersion of second-saccade endpoints (all P Ͼ 0.05; data not shown).
In sum, we have shown that stimulation of right IPSp causes a rightward shift in the endpoints of second-saccades that is independent of the time of stimulation as well as an increase in dispersion that is time-locked to the offset of the first-saccade. Both of these effects occur only when the first-saccade is directed into the contralateral (left) hemispace. These findings suggest that IPSp stimulation affects spatial updating by disturbing the integration of corollary information about the first-saccade. Corollary discharge, however, is just one component of the coordinate transformation. Moreover, performing the secondsaccade requires more than just spatial updating mechanisms.
In the following sections, we rule out several alternative explanations for our findings. First, we show that IPSp stimulation does not have a differential effect on the temporal or spatial characteristics of the first-saccade. Second, we present data from a control experiment demonstrating that IPSp stimulation does not disrupt the retinotopic memory trace of T2 (Experiment 2). 
First-Saccades Are Not Affected by IPSp Stimulation. The mean and dispersion of first-saccade endpoints were examined to rule out the possibility that the effects of IPSp stimulation on secondsaccades were merely sequelae of effects on contralateral firstsaccades (SI Fig. 5) . The mean and dispersion of contralateral first-saccade endpoints for IPSp, IPSa, and S1 did not differ for any of the stimulation timing conditions (all P Ͼ 0.05). We also examined the amplitude, peak velocity, latency, and duration of contralateral first-saccades as a function of the time between TMS onset and first-saccade onset. First-saccades during IPSp stimulation did not differ from the other stimulation sites for any of these variables at any time point (all P Ͼ 0.05; SI Fig. 6 ). The differences in second-saccade endpoints cannot, therefore, be explained by a differential effect of IPSp stimulation on firstsaccades compared with the other sites.
The Memory Trace of T2 Is Not Affected by IPSp Stimulation. The transformation that updates the location of T2 in eye-centered coordinates can be conceptualized as the vector combination of two quantities: the memory trace of the position of T2 in retinal coordinates, as seen during initial fixation, and a corollary discharge that represents the eye displacement caused by the first-saccade (1-6). We have attributed the effects of IPSp stimulation on second-saccade endpoints to a change in the internal representation of eye displacement, but, in principle, a change in either quantity could affect the postsaccadic retinal coordinates of T2. We therefore conducted a control experiment to measure the effect of IPSp stimulation on the stored retinal coordinates of T2.
In this task, participants ignored the onset of T1 and performed a single saccade to the remembered location of T2. The design for Experiment 2 was otherwise comparable with Experiment 1, including the time between presentation of T2 and the saccade toward its remembered location, the timing and intensity of TMS, and the temporal flow of display events. The requirement to remember the location of T2 was therefore identical to Experiment 1, but, because there was no eye displacement caused by a saccade to T1, spatial updating was not required. If the effects on second-saccades in Experiment 1 occurred because IPSp stimulation affected the memory trace of contralateral targets in retinal coordinates, changes in the saccade endpoints would also be expected in this task. Alternatively, if the effects on second-saccades instead reflected a distorted internal representation of the first-saccade, as we have suggested, there should be no effect of IPSp stimulation on performance of single saccades to T2.
The mean and dispersion of the saccade endpoint distributions were used to measure the quality of the T2 memory trace. Fig.  3a shows that the mean and horizontal dispersion of the endpoint distributions for contralateral saccades during IPSp and S1 stimulation were equivalent in this task (all P Ͼ 0.05). There were also no significant effects of cortical stimulation on the vertical dispersion of second-saccade endpoints (all P Ͼ 0.05; data not shown). Experiment 2 thus shows that the rightward shift and increase in dispersion for contralateral saccade sequences in Experiment 1 cannot be attributed to stimulation effects on the retinotopic memory trace of T2.
For both sites, the horizontal error in this single-step task was greater than that observed in the double-step task of Experiment 1 (compare Figs. 2a and 3a) . Superficially, this result seems counterintuitive but is readily explained by the fact that the required leftward saccade in Experiment 2 was large (Ϸ6-9°) and exclusively horizontal. By contrast, the required saccade to T2 in Experiment 1 was approximately vertical and was equally often directed leftward and rightward with respect to T1.
Saccades from Contralateral Eye Positions Are Not Affected by IPSp
Stimulation. A saccade to T1 in the double-step task introduces the need to update the memory trace of T2, but it also requires the second-saccade to originate from a contralateral eye position. Eye-in-orbit position modulates the activity of neurons in area LIP and many other attentional and oculomotor areas of the monkey (35) (36) (37) (38) (39) . If IPSp stimulation disturbed neurons with similar properties, this could have effects on saccade planning or memory that depend on eye position and might thus explain the effects on second-saccades observed in the double-step saccade task. This possibility was tested in a further control experiment (Experiment 3).
The task required a single memory-guided saccade to T2, but, rather than fixating centrally at the start of a trial, as in the previous two experiments, T1 was used as the initial fixation point. The saccade required in this task was therefore identical to the second-saccade in Experiment 1, but because no saccade intervened between the appearance of T2 and the saccade toward it, there was no need to update the memory trace of T2. If the bias and dispersion effects observed in the double-step task were caused by effects of IPS stimulation on planning saccades from contralateral eye positions, then such effects should also be evident in this control task. Fig. 3b shows the mean error (Upper) and horizontal dispersion (Lower) of the endpoint distribution for contralateral saccades for IPSp and S1. Single saccades originating from T1 during IPSp stimulation were not significantly different from those during S1 stimulation, even though the saccade required in this task was identical to the secondsaccade in the double-step experiment (P Ͼ 0.05). Thus, the bias and precision effects observed in Experiment 1 cannot be explained by effects of IPSp stimulation on executing memoryguided saccades from a contralateral eye position. 
Discussion
This study investigated the neural bases of spatial updating across saccades by using noninvasive cortical stimulation (TMS) and a double-step saccade task. Stimulation over the posterior termination of the right IPS (IPSp) during contralateral (leftward) saccades impaired spatial updating of a remembered target location. Specifically, participants overcompensated for the leftward horizontal displacement of the eye caused by the first-saccade, as shown by a rightward shift in the endpoints of the second-saccades. Stimulation of IPSp also increased the dispersion of second-saccade endpoints, but only when TMS was applied immediately after the offset of the first-saccade. Crucially, neither of these effects was observed when TMS was applied to an alternative IPS site located just 22 mm further along the sulcus in the rostral direction (based on the difference in mean MNI coordinates for IPSp and IPSa). Moreover, we showed that the effects on second-saccades were not merely a consequence of changes in the execution of first-saccades; nor were they attributable to a disruption of the memory trace of T2 in retinal coordinates; nor were saccades from T1 to the remembered location of T2 affected when there was no preceding saccade. Taken together, these experiments indicate that stimulation of IPSp introduces bias and random noise into the coordinate transformation that underlies spatial updating across saccades.
Only one previous study has combined TMS and a double-step saccade task to examine spatial updating in human PPC (29) . The data from this former study were interpreted as evidence for a time-locked involvement of the PPC in spatial updating; however, this conclusion is subject to two important criticisms. First, the authors applied TMS to a single parietal site only with a relatively nonfocal circular coil; hence, it cannot be determined whether the findings arose directly from PPC stimulation or were merely a nonspecific consequence of right hemisphere disruption. More critically, however, this former study did not assess the influence of TMS on second-saccades in the absence of any requirement for spatial updating. It is therefore unclear whether stimulation of the PPC influenced spatial updating, or simply affected the planning or execution of second-saccades in the double-step task. Indeed, consistent with this latter conclusion is the authors' observation that the largest saccadic deficit occurred when TMS was applied just before the onset of ipsilateral second-saccades (Ͻ100 ms). Our observed effects of IPS stimulation on the dispersion of the second-saccade endpoints suggest instead that spatial updating occurs immediately after the offset of the first-saccade, well before the onset of the second-saccade (Ͼ500 ms).
In contrast to the transient effects of IPSp stimulation on saccadic dispersion, the rightward bias in second-saccade endpoints occurred independently of the timing and presence of stimulation on any given trial. This observation implies a modulation of neural processing that outlasts the direct period of cortical stimulation and endures sufficiently to propagate across trials (i.e., Ͼ5 s). Such aftereffects are common in repetitive TMS protocols and are attributed to changes in the excitability of neurons in the stimulated region and/or connected structures (31) (32) (33) (34) . Animal studies suggest that such changes in excitability may be traced to long lasting modulatory effects of TMS on synaptic transmission, gene expression, and neurotransmitter functioning (33, 34) .
The finding that second-saccades overcompensated for leftward first-saccades suggests that an exaggerated representation of contralateral eye position or displacement is used in the transsaccadic coordinate transformation. In humans and monkeys, it remains controversial as to which of these potential sources of extraretinal information is used to update the internal representation of space. Indeed, the primary characteristic that divides current models of spatial updating is whether the transformation is considered to be driven by an eye-in-orbit position signal or a position-free eye displacement signal (7, 11, 12, 38, (40) (41) (42) . Our results cannot distinguish between these two possibilities because the direction of eye displacement and the final eye-in-orbit position covaried in the saccade sequences used here. Future studies could identify the crucial extraretinal signal by exploring which of these variables determines the behavioral effects of TMS as reported here. This could be achieved by adding a manipulation of eye position to the double-step task. A similar approach has been used to study spatial updating in monkeys during inactivation of the PPC (30) and in patients with damage to the parietal cortex (43) .
More broadly, our findings have implications for understanding disorders of spatial representation associated with parietal damage, such as unilateral neglect (44) and optic ataxia (45) . Several investigators have suggested that deficient transsaccadic spatial updating mechanisms contribute to the symptoms observed in these patients (43, 46, 47) . Because unilateral neglect is particularly common after damage to the parietal lobe of the right hemisphere (48), our findings provide a plausible neuroanatomical substrate for these deficits. Whether similar hemispheric asymmetries exist for the stimulation effects reported here remains to be determined.
In sum, we have demonstrated a crucial role for the posterior intraparietal area in updating representations of space across saccades, a characteristic that, in our view, asserts this cortical area as the most probable of several recently identified potential homologs of monkey LIP (19-21, 26, 27) .
Experimental Procedures
Participants. Sixteen right-handed volunteers participated in each of the three experiments. Thirteen of the 16 participants from Experiment 1 also completed both control experiments. The mean age was 25.4 years for Experiment 1 (11 males) and 26.6 years for the control experiments (12 males). All participants had normal or corrected-to-normal vision and gave informed written consent before participation. All aspects of this research were approved by the Human Research Ethics Committee at the University of Melbourne.
Stimuli and Procedure. Stimuli were presented on a ␥-corrected 19-in CRT monitor (frame rate, 120 Hz) and viewed from a distance of 53 cm. All fixation and target stimuli were red spots (diameter, 0.3°) presented against a uniform black background. A red filter (71°ϫ 71°) placed over the screen ensured that the faint luminance of the background and edges of the CRT image could not be seen. All saccade tasks were therefore performed without any visual references other than fixation and target stimuli.
The double-step task used in Experiment 1 is shown in Fig. 1a . The same sequence of stimuli was used for Experiment 2 except that the central fixation was extinguished at the same time as T1, which cued the participants to execute a saccade to the remembered location of T2. In Experiment 3, each trial began with a fixation stimulus located in one of the four positions used for T1 in Experiment 1. The central stimulus used as the initial fixation point in the first two experiments remained in Experiment 3, as shown in Fig. 1a , but it was irrelevant to the participant's task.
Eye position was sampled at 240 Hz by using an ASL 504 remote infrared eye tracker (ASL, Bedford, MA) and custom software. The eye tracker was calibrated before each block of 24 trials if necessary. A chin rest was used to prevent head movement.
TMS and MRI Parameters. Stimulation sites were identified on an individual basis before participation in the behavioral sessions by using T1-weighted MR brain scans. Sites of stimulation were defined by their position with respect to sulcal landmarks (Fig. 1b) . Standardized coordinates were obtained for each stimulation site by spatially normalizing each participant's anatomical image to the Montreal Neurological Institute template by using SPM2 software (Wellcome Department of Imaging Neuroscience, London, U.K.; www.fil.ion.ucl.ac.uk). Note that normalization was performed only after completion of the experiment for the purpose of relating the stimulated sites to other TMS and fMRI studies; it was not used to identify cortical loci or position the TMS coil.
TMS was delivered by using a Magstim Rapid system (2.2 T; Magstim, Whitland, U.K.) and a 70-mm figure-of-eight induction coil held in position on the scalp surface by a clamp and tripod. The intensity of stimulation was set to the maximum comfortable level, expressed as a percentage of motor threshold, and adjusted for each site to control for differences in the distance between the scalp and cortex (49) . This protocol yielded a mean TMS intensity that was 104% of the distance-adjusted motor threshold (62% of maximum stimulator output, 1.36 T). Consecutive testing sessions were separated by at least 24 h.
For the double-step saccade task in Experiment 1, TMS was timed according to the predicted onset or offset of the first-saccade, rather than at fixed times relative to a display event. Predictions for leftward and rightward first-saccades were generated independently by using an exponentially weighted average of previous saccade latencies. This procedure ensured that the distribution of TMS onset times would be comparable within and between different testing sessions. For the control tasks in Experiments 2 and 3, in which there was a single saccade to T2 only, TMS was timed on each trial according to a randomly selected sample from the participant's first-saccade latency distribution from Experiment 1. This ''virtual saccade'' ensured that the timing of stimulation in the three experiments was comparable. Data from a representative participant were used for the three participants that did not participate in Experiment 1.
Data Analysis. Eye position data were filtered offline by using a nonlinear exponential smoothing algorithm (50) . Saccades were automatically detected by using a combination of velocity (Ͼ40°/s) and acceleration (a period of positive and negative acceleration Ͼ1,000°/s 2 ) criteria. The output of the algorithm for each trial was inspected visually for accuracy. Trials that contained blinks, incorrect behavioral responses (e.g., breaking fixation, anticipatory saccades) or other artefacts were rejected (SI Table 1 ). Early and late TMS conditions were obtained by parsing the bimodal distribution of TMS onset times into two separate clusters. The tails of each cluster were truncated to remove sections of the time courses where parameter estimates were unreliable. Only the central 100-ms period of each cluster was analyzed.
Mean endpoint error of saccades was analyzed for each experiment by using repeated measures ANOVAs (␣ ϭ 0.05) with factors of stimulation site (IPSp, IPSa, S1), direction/hemispace of (first) saccade (leftward, rightward), and TMS condition (early, late, nonstimulation; n ϭ 16). One participant was removed from the analyses for Experiment 2 because his mean endpoint error was almost 3 SD beyond the group mean. Simple main effects were examined by using pairwise comparisons with Bonferroni correction where appropriate. The dispersion of saccade endpoints was analyzed as a function of TMS onset time and stimulation site. Time points where the stimulated sites differed significantly were identified by using ensembles of t tests with the ␣-level adjusted to ensure that the average false-discovery rate in the early and late periods was not Ͼ0.05 (51) .
Additional details of methodology and data analysis are provided in SI Text.
